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Top-Down Methane Emissions Estimates for the San Francisco Bay Area
Methane is a potent greenhouse gas (GHG) that is now included in both California State and San factor of 1.5-2.0 (at 95 % confidence) times larger than the BAAQMD CH 4 emission inventory. 25 However, we note that uncertainty in these emission estimates is dominated by the variation in 26 CH 4 :CO enhancement ratios across the observing sites and we expect the estimates could 27 represent a lower-limit on CH 4 emissions because BAAQMD monitoring sites focus on urban air 28 quality and may be biased toward CO rather than CH 4 sources.
Introduction 34 35
based on ambient measurements show that methane emissions for the US as a whole (e.g., Miller 48 et al. 2013 ) and in California (e.g., Wennberg et al. 2009 , Hsu et al. 2010 , Singh et al. 2010 Jeong et al. 2013 , Peischl et al. 2013 are underestimated by ~ 50% or more depending upon the 50 area. Specific to oil and gas sector methane emissions, two meta-analyses, one for the US 51 (Brandt et al. 2014) and another for California (Jeong et al. 2014 ) reached similar conclusions.
52
Relevant to urban areas, the US-EPA recently released a report identifying uncertainty in 53 methane emissions from the natural gas distribution system as an area in need of further research 54 (US-EPA, 2014 
Methods
75
We follow a scaling ratio approach of CH 4 : CO applied previously (e.g., Wennberg et al. 2009, 76 Hsu et al. 2010 et al. , Singh et al. 2010 The TE-48 CO instruments were subject to drift on the order of 200 ppb, typically on the 104 timescale of weeks. Instruments were re-zeroed after this amount of drift based upon decreased, but only slightly.
138
As described in supporting materials, we found that NOAA flask measurements from STR in the We estimated CH4 and CO enhancements by subtracting the estimated background: 158 159 CH4 local,it = CH4 it -CH4 background,it, for year i and day t, and similarly for CO.
(1) 160 161
Emissions Inventory
163
The BAAQMD maintains and regularly updates emissions inventories for both criteria pollutants 164 and greenhouse gases. Bay Area-wide annual CO emissions estimates were obtained from the 165 latest county-level inventory (BAAQMD 2014 (1) Also shown are error bars representing year-over-year variation in the mean enhancement. 207 We believe that much of the annual variation derives from spatial inhomogeneity in emissions For each sequ ence of 3-year periods, we computed linear regressions of background-subtracted 219 CH 4 on background-subtracted CO for each site with sufficient data for that period. We then 220 applied the formula to estimate annual CH 4 emissions: Here we note that while estimated methane emissions differ across sites, the differences are 324 within a factor of two for 90% of the site pairs . Also, the rank order of the emissions is fairly The general outline of both the CH 4 enhancements ( Figure 5 ) and top-down CH 4 emissions 342 estimates ( Figure 7 ) is down in the early 1990s followed by an upswing since then. J, et al. (2013) We also use wind data from Fort Funston, a meteorological site within half a kilometer of the Pacific Ocean on the west side of San Francisco.
Results
233
Methane to Carbon Monoxide Enhancements
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S1.1 Approach and methods
The goal of this analysis is to provide a good estimate of daily oceanic background methane concentrations adjacent to the SF Bay Area from 1990 through 2010. We focus on the Trinidad Head measurements because they are both extensive and collected relatively near to the Bay Area. We first compare Trinidad Head and Sutro Tower methane concentrations. We then consider the seasonal variations and trends at Trinidad Head, establishing a regression relation as a function of year and season, the latter modeled with sine/cosine terms in Julian day. Finally, we estimate the relation between annual mean methane at Trinidad Head and Mauna Loa to provide estimates of background methane prior to 1995. Figure S1 shows methane measured at Sutro Tower and Trinidad Head matched by hour and day. The points are divided according to whether the winds had had a westerly component. Specifically, the red squares are days/hours for which the average u-component of the Fort Funston wind over the previous 5 hours was greater than 2 m/s. Note that with the exception of one outlier, the observations collected when the winds were westerly cluster around the line y = x. Given the small difference, and factoring in the uncertainty in comparing the surface-level ocean air experienced by District monitoring sites with the air sampled on Sutro Tower that is 232 AGL with a base that is 260 m ASL, we conclude that Trinidad Head measurements provide a reasonable basis for estimating the oceanic background methane that affects the San Francisco Bay Area.
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S1.2 Comparison of Trinidad Head and Sutro Tower methane
In the remainder of the analysis, we consider daily average Trinidad Head methane measurements as the unit of analysis. Figure S3 shows the time series of daily mean Trinidad Head methane. A seasonal pattern is clearly present with a dip in the middle of each year. There also appears to be an uptrend, though not a totally linear one. Fitting this model with least squares resulted in a regression s = 12.6 ppb, and an adjusted R 2 of 72%.
S1.3 Temporal modeling of Trinidad Head methane
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1 The residuals appeared homoscedastic, but there was a substantial autocorrelation, 0.54, so that the significance of individual terms will be overestimated somewhat using the standard methodology.
1 The R 2 value compares the regression SSE with the sum of squared deviations from the grand mean (SST). Figure S4 shows the fits in four arbitrarily selected years. The seasonal patterns appear relatively consistent from year to year, and match the seasonal curve reasonably well. 
S1.4 Comparison with Mauna Loa methane
In order to estimate background we compare the Trinidad Head annual means estimated with the regressions in relation to methane measured at Mauna Loa. Figure S5 shows that the two sites share very similar trends. The difference in means falls between 51 ppb and 56 ppb with two exceptions.
CH4 (ppb)
trinidad reg. mean mauna loa Variable Figure S5 . Mauna Loa annual mean and Trinidad Head modeled mean.
The median difference was 53 ppb. Thus, we used Mauna Loa mean methane + 53 to estimate Trinidad mean values for 1990-1995.
S2. Estimation of background carbon monoxide concentrations
S2.1 Data
The Sutro Tower, Trinidad Head and Mauna Loa sites all collected carbon monoxide. However, whereas at Sutro Tower and Mauna Loa, CO was collected simultaneously with methane on most days, Trinidad Head CO measurements were limited to roughly 50 a year, and date back only to 2002.
The hours of collection varied, raising the question of how much this factor mattered. An ANOVA on hour and month for Trinidad Head found hour statistically insignificant with 520 observations (adjusted R 2 = 0), whereas month was highly significant with an adjusted R 2 of 44.5%. For Sutro Tower, an ANOVA yielded a statistically significant result, although the adjusted R 2 was only 2.7% whereas it was 55.6% for month. Thus, it was decided to ignore hour as an independent factor. Figure S6a shows Sutro and Trinidad seasonal patterns with 2007-2012 data pooled. The two sets of data show a similar seasonal pattern. Figure S6b shows that the two sites exhibit a pattern of increasing mean CO until about julian hour 2000 (late March), then decreasing until about julian hour 5000 (late July), then increasing to the end of the year, with a blip around julian day 6000 (early September). 
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S2.2 Annual trend
Since neither Sutro Tower nor Trinidad Head has CO data before 2002, Mauna Loa was used to adjust earlier years. Figure S7 shows that the seasonal pattern for Mauna Loa was similar, but not identical to Trinidad Head, and that the mean value is substantially less. To compare the mean values and how these have changed over time, seasonal curves were fitted for TH and ML and shown in Figure S6b , using all the available data from 2002-2012. In order to account for partial sampling during some years, each individual measurement was adjusted by subtracting off the smooth for that hour and adding back in the annual mean of the smooth. Then annual averages were computed. Figure 8 shows the results. There is a statistically significant downtrend at both sites. Although the Trinidad Head trend appears steeper, the trend in the differences in annual means (TR -ML) is not statistically significant. The mean difference in means is 40 ppb. Thus, our estimate for background CO for a given julian hour, j, in a given year y is smooth(j) -smean + a(y), where smooth(j) is the value of the Trinidad Head curve in Figure 6b 
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S3. Analysis of variance of methane emissions estimate using individual observations as the units of analysis
Rather than using the site-year methane emissions estimates, ‫ܯ‬ , as the unit of analysis, we can consider these as statistics from the underlying regressions. The slopes of these regressions have corresponding uncertainties. We can estimate uncertainty in the ‫ܯ‬ from the regression slope uncertainties only as, C j ߬ where ߬ is the standard error of the slope. Let's assume that the regression standard errors are all equal independent of i and j, that is, ߬ = ݇ ߪ, where ݇ = ඥ1/ ∑ ሺ‫ݔ‬ − ‫̅ݔ‬ ሻ ଶ . Define weights w ij = 1/ሺC ߬ ሻ ଶ , and the weighted mean of the ‫ܯ‬ , ‫ܯ‬ = ∑ ‫ݓ‬ ‫ܯ‬ / ∑ ‫ݓ‬ , where the sums are taken over all n=56 i,j pairs with slopes in Table 1 .
Define the "total sum of squares" as SST = ∑ ‫ݓ‬ ሺ
, and the mean sum of squares total ≡ MST = SST/(n-1). If the expected values of the ‫ܯ‬ were all equal, then SST would have an approximately Chi-square distribution with n-1 degrees of freedom, so that E(MST) = 1. The computed value was MST = 56.5, so that approximately (56.5 -1)/56.5 = 0.98, or 98% of the variation, derives from site-period differences in the actual M ij . We can roughly decompose SST into effects for site, period and site-period interactions by performing a weighted regression with indicator variables for site and period. Depending on the order of entry, we get a range of values shown in Table S2 . The table shows that as much as 2/3 of the variation in the ‫ܯ‬ can be explained by site and period, with roughly half of the variation explainable by site to site differences. There may be some systematic difference by period, but the main differences between periods are site-period interactions. This analysis shows that from period to period, the site-specific CH 4 /CO relationship shifts,
S4. Comparison of slopes of drift-corrected CO
As noted above, we examine the effect of subtracting drifts in measured CO using periodic zerocheck measurements. Figure 4 shows the relationship between background-adjusted methane and zero-adjusted, and background-subtracted CO. Table S3 provides a comparison of the CH4/CO regressions with and without adjustment for zero values. For all sites without a trace-level monitor, the fit improved or stayed the same. For six of the seven sites, the slope increased. We M A N U S C R I P T
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note that because the slopes and their standard errors are derived from the Cochrane-Orcutt method, they differ slightly from the slopes shown in Figure S9 . Because none of the changes were large enough to change the mean CH 4 emission estimates for the 2009-2012 period substantially, and were unavailable for the earlier periods, we used the results uncorrected for drift in our analysis. M A N U S C R I P T
S5. Computing standard errors from second differences
This is a technique for estimating standard errors in trend data that eliminates the effect of any linear trend. Consider the sequence:
X t = a + bt + e t (S5.1) where a and be are constants, t = time (e.g. year), t=1,2…,n, and the sequence e 1 , e 2 , …e n , is a sequence of independent random variables with mean 0 and standard deviation σ. Let D t = X t+2 + X t -2X t+1
(Note that D t is the difference of 1 st differences:D t = (X t+2 -X t+1 ) -(X t+1 -X t ).
Substituting the right-hand side of (S5.1):
D t = a + b(t+2) + e t+2 + a + bt + e t -2a -2b(t+1) -2e t+1 = e t+2 + e t -2e t+1 .
We have mean of D t = 0, and Variance of Dt = Var(e t+2 + e t -2e t+1 ) = σ 2 + σ 2 + 4σ 2 = 6σ 2 . Then 
